Genetic screens for synaptogenesis mutants have been performed in many organisms, but few if any have simultaneously screened for defects in pre-and postsynaptic specializations. Here, we report the results of a small-scale genetic screen, the first in vertebrates, for defects in synaptogenesis. Using zebrafish as a model system, we identified seven mutants that affect different aspects of neuromuscular synapse formation. Many of these mutant phenotypes have not been previously reported in zebrafish and are distinct from those described in other organisms. Characterization of mutant and wild-type zebrafish, from the time that motor axons first arrive at target muscles through adulthood, has provided the new information about the cellular events that occur during neuromuscular synaptogenesis. These include insights into the formation and dispersal of prepatterned AChR clusters, the relationship between motor axon elongation and synapse size, and the development of precise appositions between presynaptic clusters of synaptic vesicles in nerve terminals and postsynaptic receptor clusters. In addition, we show that the mechanisms underlying synapse formation within the myotomal muscle itself are largely independent of those that underlie synapse formation at myotendinous junctions and that the outgrowth of secondary motor axons requires at least one cue not necessary for the outgrowth of primary motor axons, while other cues are required for both. One-third of the mutants identified in this screen did not have impaired motility, suggesting that many genes involved in neuromuscular synaptogenesis were missed in large scale motility-based screens. Identification of the underlying genetic defects in these mutants will extend our understanding of the cellular and molecular mechanisms that underlie the formation and function of neuromuscular and other synapses. D
Introduction
The specificity of synaptic connections that is essential for nervous system function arises during development through a series of events, including axon outgrowth, pathway selection, target selection, synaptogenesis, and synapse elimination. One of the systems widely used to study these events is the neuromuscular synapse between spinal motor neurons and skeletal muscle fibers (Goda and Davis, 2003; Sanes and Lichtman, 1999) . During vertebrate embryonic development, as motor neurons extend axons into target muscles, prepatterned clusters of non-synaptic acetylcholine receptors (AChRs) are distributed throughout the central region of the muscle (Lin et al., 2001; Yang et al., 2001) . Motor neuron growth cones release agrin, which activates a muscle specific kinase, MuSK, resulting in the stabilization of synaptic AChR clusters and other postsynaptic modifications (Sanes and Lichtman, 2001) . Despite this general understanding, many underlying cellular and molecular events remain to be elucidated, including the interactions between motor axon growth cones and prepatterned AChR clusters, the cell -cell signaling that mediates the differentiation of presynaptic nerve terminals and postsynaptic specializations, and how synapse number, size, and location are regulated.
Zebrafish are a useful model system in which to study these events. The development of spinal motor neurons and myotomal muscle targets has been described in detail (Devoto et al., 1996; Eisen, 1998; Westerfield and Eisen, 1988; Zeller et al., 2002) and is similar to other vertebrates, including mammals. The optical transparency and rapid development of embryos, which facilitates cellular analysis, and the ability to perform mutagenesis screens are powerful advantages that have revealed genetic, molecular, and cellular mechanisms underlying many aspects of neural development. Previous zebrafish mutagenesis screens did not focus on mutants that affect synaptogenesis, in part because the immunostaining-based assays and high resolution required to identify mutants are generally not well suited to high-throughput screening. The large scale Tü bingen screen identified more than 160 mutants with impaired locomotion Haffter et al., 1996) . Analyses of the mutants identified in the Tü bingen, as well as other screens, have revealed that several have defects in the function of postsynaptic proteins Haffter et al., 1996) . These mutants include nic1, which lacks the a subunit of AChRs (Westerfield et al., 1990) ; sofa potato, which lacks functional AChRs due to a point mutation in the y subunit (Ono et al., 2001 ; twister, which has a gain-of-function mutation in the a subunit of the AChR receptor and which displays pre-and postsynaptic defects due to increased neuromuscular activity ; twitch once, which lacks rapsyn and thus also lacks clustered AChRs (Ono et al., 2002) ; unplugged, which encodes a MuSK homolog and in which axon pathfinding is aberrant but synaptogenesis is largely unaffected (Zhang et al., 2004) ; and the two acetylcholinesterase mutants ache (Behra et al., 2002) and zieharmonika (Downes and Granato, 2004) , which also show reduced clustering of AChRs. While mutagenesis screens focusing on synaptogenesis have also been performed in Drosophila and C. elegans (Kopczynski et al., 1996; Kraut et al., 2001; Aberle et al., 2002; Jin, 2002) , to the best of our knowledge, no screens employing simultaneous visualization of presynaptic terminals and postsynaptic neurotransmitter receptor clusters have been performed in any organism.
Here, we report seven mutants with defects in neuromuscular synaptogenesis that were identified in a smallscale mutagenesis screen Wagner et al., 2004) employing an immunostaining-based assay for presynaptic motor axons and terminals as well as postsynaptic AChR clusters. Characterization of wild-type and mutant embryos has provided several new insights into the earliest cellular and molecular events that underlie neuromuscular synaptogenesis.
Methods

Mutagenesis screen
Wild-type Tü bingen (TÜ ) and AB male zebrafish were mutagenized with 3 or 3.3 mM ethylnitrosourea (ENU) as described previously. Briefly, mutagenized TÜ and AB males were then crossed to TÜ and AB wild-type females, respectively, and the F1 progeny raised to adults. F1 TÜ females were then crossed to F1 AB males (and vice-versa) to generate F2 families. Since the AB and TÜ strains are polymorphic to each other, this step introduces a chromosomal mapping cross which allows F3 embryos to be used for chromosomal mapping Birely et al., 2005) . One to 13 pairs of fish per F2 family were crossed, and the F3 embryos were raised to 48 hpf, at which time 12-40 embryos per cross were fixed and immunostained as described below.
F2 families in which ca. 25% of F2 pair-wise crosses generated clutches in which ca. 25% of embryos exhibited abnormalities in the number, size, pattern, or colocalization of synaptic components were scored as potentially containing a mutation of interest and maintained. The F3 offspring of these families were then raised, and 5 to 30 F3 progeny per family were crossed, and the resulting embryos rescreened for the mutant phenotype. Only those families in which a phenotype was seen in both the F2 and F3 generations were further characterized.
For subsequent analyses, mutants were sorted on the basis of external phenotypes or motility, except in the case of p37er which was sorted after staining for AChRs as described below. Mutants were maintained as heterozygous lines, and homozygous mutant embryos were obtained by crosses between identified carriers. No phenotype was observed in heterozygote carriers of these mutations. Embryos were raised at 28.5-C in E3 medium (in mM: 5 NaCl, 0.17 KCl, 0.33 CaCl 2 , 0.33 MgSO 4 ).
Immunostaining
Embryos were anesthetized and fixed in 4% paraformaldehyde, 1% dimethyl sulfoxide in phosphate-buffered saline (PBS); after fixation and rinsing in PBS, embryos were incubated in 1 mg/ml collagenase (Sigma) in PBS for 8-75 min depending on embryo age. At 120 hpf, the skin was removed from the tail with fine forceps, and larvae were incubated in collagenase for up to 15 min. After collagenase treatment, embryos were rinsed in PBS and incubated in 10 Ag/ml fluorescently conjugated a-bungarotoxin (aBTX; Molecular Probes, Eugene, OR) diluted in blocking solution (0.1% sodium azide, 2% BSA, 0.5% Triton X-100 in PBS). After rinsing, embryos were incubated overnight at 4-C in primary antibody diluted in blocking solution: SV2 (1:50 -1:100, Developmental Studies Hybridoma Bank (DSHB)), Zn5 (1:250-1:500, DSHB), F59, F310, or MF20 (1:50 -1:500, gift of Dr. Frank Stockdale). In some cases, staining with multiple primary antibodies was done sequentially. In zebrafish, the SV2 antibody has been used to label presynaptic terminals (cf. Niell et al., 2004; Jonz and Nurse, 2003; Jontes et al., 2004) . Comparison of SV2 immunostaining in transgenic embryos expressing VAMP-GFP under control of the a-actin promoter (Niell et al., 2004 ; Y. Song, J. Panzer and R. Balice-Gordon, unpublished results) shows that SV2 staining reveals synaptic vesicles in motor axons and nascent terminals (Supplementary Data- Fig. 1 ). In embryos younger than 48 hpf, clusters of synaptic vesicles were often distributed along motor axons, including within fine filopodia, in addition to those localized to nerve terminals, as has been observed in developing neurons from other organisms (Supplementary Data- Fig. 1 ; Lupa and Hall, 1989; Sabo and McAllister, 2003) . At all ages examined, SV2 staining of motor axons was similar or identical to that observed with Znp1 (Eisen et al., 1989) , but nerve terminal staining was more robust with SV2; thus, SV2 was used for most experiments. SV2 staining of the spinal cord was sometimes also observed, but this was variable across age and experiment in wild types as well as in each mutant line, probably due to variability in the embryo permeabilization steps in the immunostaining protocol.
After rinsing, embryos were incubated overnight at 4-C in the appropriate fluorescently conjugated secondary antibody (Jackson Labs) diluted in blocking solution. Embryos were rinsed with PBS, placed in VectaShield (Vector Lab., Inc.), mounted onto glass slides, and coverslips were sealed with nail polish. Embryos were visualized using epifluorescence or confocal microscopy at 40-100 times magnification (Leica TCS 4D system). Each figure panel is a single plane projection of a z-stack of 20-60 1-Am-thick planes.
Because of the rostral-to-caudal gradient in embryonic development, the timing of events is illustrated and was quantified for the same myotomal segments, centered around the caudal yolk extension, except where indicated. Quantification of motor axon branching, neuromuscular synapse number, size, colocalization of presynaptic nerve terminals and postsynaptic AChR clusters, motor neuron number and muscle fiber number, size, and presence of cross-striations was performed using interactive software (MetaMorph, Universal Imaging, Inc.). Immunostained structures were counted as neuromuscular synapses when presynaptic SV2-stained vesicle clusters (green) were apposed to postsynaptic rhodamine alphaBTX (RaBTX)-stained AChR clusters (red) with at least 50% colocalization (yellow). Secondary motor neuron number was counted at 48 hpf in one spinal cord hemisegment per embryo centered on the caudal yolk extension, using Zn5, which stains secondary motor neuron cell bodies in addition to their axons.
In situ hybridization
Islet-1 and islet-2 riboprobes (gift of Dr. S. Ekker) were synthesized using a DIG-RNA labeling kit (Roche) according to the manufacturer's directions. Embryos (24 -28 hpf) were fixed and washed as above then dehydrated in methanol and frozen at À20-C for at least 30 min. Following freezing, embryos were rehydrated and washed in PBT (0.2% BSA, 0.2% Tween-20 in PBS), treated with proteinase K (10 Ag/ml in PBT) for 5-10 min, and then fixed for 20 min. Following washing with PBT, embryos were prehybridized for 2-5 h at 65-C in hybridization buffer (50% formamide, 5Â SSC, 50 Ag/ml heparin, 5 mM EDTA, 0.5 mg/ml ribosomal RNA (Sigma), 0.1% Tween-20, adjusted to pH 6.0 using 1 M citric acid) and then allowed to hybridize overnight at 65-C in 50 -100 ng of islet-1 or islet-2 riboprobe diluted in hybridization buffer. The following day, a series of washes were performed in hybridization buffer, SSC, and PBT, followed by a 2 -3 h incubation in blocking solution (2% lamb serum in PBT). Embryos were then incubated overnight at 4-C in alkaline phosphatase conjugated anti-digoxigenin antibody (Roche, diluted 1:4000 in blocking solution). The following day, the embryos were washed with PBT, then with AP buffer (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris pH 9.5, 0.1% Tween-20), followed by incubation in NBT/BCIP (Roche, diluted 1:50 in AP buffer) until satisfactory signal developed (3 -12 h). Embryos were then washed in PBT, PBS, then cleared in 80% glycerol, and mounted onto glass slides. Embryos were visualized using transmitted light, and images were taken at several focal planes 40 -100Â using a color CCD camera (Hamamatsu, Inc.) . In order to show each motor neuron in focus, each figure panel is a composite of images taken at 2 -4 focal planes. Segments centered around the caudal yolk extension were counted in each embryo. Islet-1 positive primary motor neurons were counted at 26 hpf because, at later times, secondary motor neurons that are being generated around this time are also positive for Islet-1. Islet-2 positive primary motor neurons were counted at 24 hpf because, at later times, there are many more Islet-2 positive secondary motor neurons, and primary and secondary motor neurons are difficult to distinguish.
TUNEL plus immunostaining
Zebrafish embryos were fixed, washed with PBS, dehydrated in methanol, and frozen for at least 30 min at À20-C. Embryos were rehydrated, washed with PBST (0.1% Tween-20 in PBS), incubated in collagenase for 15-75 min, and washed several times in PBS. Embryos were incubated in equilibration buffer (Chemicon) for 1 h and then incubated at 37-C in 30% Tdt enzyme in 70% reaction buffer (Chemicon). The TUNEL labeling reaction was stopped via washing with Stop/Wash buffer (Chemicon). Embryos were blocked in 10% fetal bovine serum (FBS) in PBST and incubated overnight in fluoresceinconjugated anti-digoxigenin (diluted ca. 1:1 in 10% FBS in PBST, Chemicon) and Zn5 (1:250, DSHB) at 4-C. The following day, embryos were washed with FBS/PBST and incubated in fluorescently conjugated secondary antibody (Jackson Labs) overnight at 4-C. Embryos were washed with PBS, mounted, and imaged as described above for immunostaining.
Behavioral assays
Gross motility was assessed via head and/or tail tap with a fine plastic probe, and elicited movements observed under a stereomicroscope (Leica MZ12.5). For some mutants, response to head tap with a fine tungsten probe was recorded using high-speed video microscopy (800 frames/ s; MotionPro 2000, Redlake). Digitally recorded images were analyzed using interactive software (MetaMorph).
Mapping and complementation testing
F3 embryos were collected, sorted by external phenotype, and frozen in MeOH. For p37er, which lacks an external phenotype, mutants were identified by labeling AChR receptor clusters in live 120 hpf larvae by incubating larvae at 4-C for 1 h in 10 Ag/ml RaBTX 10% DMSO diluted in E3. DNA was extracted by incubating dried embryos in 0.2 mg/ml proteinase K diluted in lysis buffer (50 mM Tris, pH 8.5, 100 mM NaCl, 50 mM EDTA, 1% SDS) at 60-C for at least 3 h. For bulk segregant analysis, DNA from 20 -50 mutants and 20-50 normal siblings was pooled, and PCR was performed using a set of 240 simple sequence length polymorphisms (SSLP) evenly distributed over the zebrafish genome (Johnson et al., 1996; Knapik et al., 1996) . After linkage to one or several markers was established, PCR using DNA from single mutant and normal sibling embryos was used to confirm linkage and identify individual recombinant mutant embryos. Testing for non-complementation was performed by scoring the progeny of several crosses of heterozygote carriers by immunostaining or other assays.
Results
Neuromuscular synaptogenesis in wild-type zebrafish
After exiting a spinal cord segment at 16-24 hpf, the axon of each primary motor neuron (MiP, CaP, and RoP) grows along the common pathway, lateral to the notochord, to the choice point, pauses for several hours, and grows across the medial surface of one myotomal muscle along a cell-type-specific trajectory (Figs. 1A -C) . Axons subsequently grow along the lateral myosepta and branch extensively to innervate more lateral muscle fibers Myers et al., 1986) . Approximately 5 h later, the axons of secondary motor axons (ca. 20 -30 per hemisegment) begin to extend into the periphery along the pathways pioneered by primary motor axons (Mos et al., 1988; Myers et al., 1986; Westerfield et al., 1986 ).
Between 16 -24 hpf, as primary motor axons exit a spinal cord segment and extend towards the choice point (Figs. 1D -G, asterisks), prepatterned AChR clusters are present on most if not all medially located muscle fibers, well in advance of motor axon growth cones (Fig. 1D , caudal-most segments; Fig. 1F, brackets) . Each muscle fiber has one large diffuse cluster located in the middle of the myotome (mean 1.04 T 0.1; n = 8 fish, 24 somites analyzed; Figs. 1D -G) . The large prepatterned AChR clusters in the region of the future endplate band are morphologically similar to those observed in mammals during early stages of embryonic development (Feng et al., 2000; Lin et al., 2001; Lupa and Hall, 1989; Yang et al., 2001) . However, in zebrafish embryos, prepatterned AChR clusters are present in myotomal muscles well before primary motor axons exit the spinal cord. Thus, prepatterned AChR clusters are present in myotomal muscles prior to any motor innervation.
The prepatterned AChR clusters are initially large, elongated, and diffuse (Fig. 1G, bracket) . Immunostaining for presynaptic terminals shows that the clusters located on muscle pioneer fibers at the choice point are among the first to be innervated and remain large and elongated throughout subsequent development (Fig. 1E, asterisk) . As motor axons approach the choice point, the diffuse prepatterned AChR clusters on muscle fibers dorsal and ventral to the choice point disappear as far as 10 -12 muscle fibers away from the growing nerve front (Fig. 1D , rostral-most segments; Figs. 1E, F). As this occurs, small punctate non-synaptic AChR clusters appear in this region (Fig. 1F , clusters at bottom of brackets). These observations show that prepatterned AChR clusters are transient during the earliest stages of neuromuscular synaptogenesis. Furthermore, our results suggest that prepatterned AChR clusters are dispersed independently of direct contact with motor axon growth cones.
Between 20 and 28 hpf, each primary motor axon pauses at the choice point and then extends into its appropriate territory in the myotome . Neuromuscular synapses are first formed on muscle fibers at or near the choice point (Figs. 1E-G, asterisks; Liu and Westerfield, 1992) , and synapses are then formed on the medial surface of the myotome on muscle fibers that are dorsally and ventrally adjacent to the muscle pioneer fibers located at the choice point (Fig. 1H ). These synapses are ca. 2-fold smaller than those formed on muscle pioneer fibers (Fig. 1I ). AChRs are clustered beneath outgrowing motor axons but are not yet precisely colocalized with clusters of synaptic vesicles in nascent presynaptic terminals (Figs. 1H, I ), as they are at later times (cf. Figs. 1J-O). Few non-synaptic AChR clusters are present on myotomal muscle fibers at this time. However, diffuse unclustered AChRs are present at the as yet uninnervated myotendinous junctions that separate adjacent myotomes (Fig. 1H, arrowhead) .
By 48 hpf, motor axons in wild-type embryos have extended branches into and formed synapses with laterally located muscle fibers and have turned laterally at the edge of Primary motor neuron axons CaP (pink), MiP (blue), and RoP (green) exit the spinal cord through the ventral root and extend along the common pathway to the choice point (asterisk) located at the horizontal myoseptum as shown in the left myotomal segment. At the choice point, axons pause and then proceed to innervate a cell-appropriate territory. At later time points, MiP retracts its ventral axon, the dorsal MiP and ventral CaP axons reach the edge of the myotome and turn laterally, and RoP elaborates an axonal arbor laterally near the horizontal myoseptum as shown in the right myotomal segment. Beginning ca. 5 h after primary motor axons pioneer the common pathway, secondary motor axons (dark blue) exit the spinal cord and extend into the periphery as shown in the right myotomal segment. Each mutant phenotype reported here is indicated at the stage where the defect is particularly prominent, although each mutant has defects that are present at several of these stages. (B) Cross-section at 24 hpf illustrating the medial location of the common pathway, choice point, the initial medial projections of MiP and CaP, and the lateral turn of these axons at the edge of the myotome ( the myotome (Fig. 1J, arrowhead) and have grown along and innervated the myosepta ( Fig. 1J ; Liu and Westerfield, 1992) . In contrast to earlier developmental stages, presynaptic terminals are almost always precisely apposed to AChR clusters (Fig. 1K) . Because neuromuscular synaptogenesis is well underway but the number and pattern of synapses remains relatively simple, the mutagenesis screen described below was performed at this age.
By 72 hpf, motor axons innervate the full extent of the lateral myosepta in wild-type embryos, and axon branching within muscle layers and synapse number has increased dramatically compared to earlier stages ( Fig. 1L ; Downes and Granato, 2004) . From 72-120 hpf, the number of synapses increases further, and synapses become more or less evenly distributed throughout the myotome (Figs. 1L,  N) . Synapses are present throughout all muscle fiber layers 
, and (H) where's waldo (wdo) mutant embryos at 48 hpf. Note that in mlh the size of the somites is reduced, likely reflecting reduced muscle fiber number and diameter and that, in srn, somites are slightly shorter in length (Table 2) . Somite size and shape in the other mutant lines are similar between mutants, normal siblings, and wild-type zebrafish.
and at the myosepta (Figs. 1L, N) . By 120 hpf, postsynaptic AChR clusters are located in a cup-like primary fold in the muscle fiber membrane with a presynaptic terminal located at the center of each AChR cluster (Fig. 1O, arrowhead) .
In adult zebrafish, motor neuron innervation is distributed along the length of individual muscle fibers, and most muscle fibers are innervated by one primary motor neuron and one or several secondary motor neurons (Mos et al., 1988; Westerfield et al., 1986) . However, neuromuscular synaptic morphology as revealed by immunostaining in adults has not been well described. On most slow muscle fibers, synapses are punctate and are similar to those present at 120 hpf (Figs. 2A, B) . On most fast muscle fibers, each synaptic area consists of two parallel rows of morphologically distinct synapses (Figs. 2C, D) . In one row, synapses are small, round, and punctate (Fig. 2D, arrowhead) , and in the second row, synapses are more continuous and branched (Fig. 2D, arrow) . Multiple axons appear to innervate a single synaptic site (Fig. 2C, arrows) .
Identification of mutants in neuromuscular synaptogenesis
Because of the relative simplicity of the pattern of neuromuscular synapses at 48 hpf, embryos were screened at this age using immunostaining as described above for defects in neuromuscular synapse formation. A total of 111 genomes were screened using this approach. Seven mutants (stumpy p37er (sty p37er ), bossu (bos), slytherin (srn), milhouse (mlh), xavier (xav), buzz lightyear (lyr), and where's waldo (wdo)) were identified with defects in different aspects of neuromuscular synaptogenesis (Fig. 3, Table 1 ).
We also determined whether the neuromuscular synaptic phenotypes observed in these mutants were secondary to, or occurred in parallel with, changes in motor neuron or muscle fiber number using in situ hybridization or immunostaining for cell-type-specific markers. For the majority of the mutants identified in this screen, motor neuron and muscle fiber number were unaffected (Table 2) . Taken together, these analyses suggest that the synaptic defects in most mutants are unlikely to be due to general defects in the development of presynaptic motor neurons or postsynaptic muscle fibers.
As described below, mapping of many of these mutations to linkage groups and complementation testing with known mutants with some similar phenotypes suggested that all but one of these mutants, sty p37er , is novel. Since it was not possible to perform complementation testing with the large number of motility mutants AChR cluster size increased in adults (Fig. 9 ) a Allele designation and percent of mutant offspring arising from heterozygous crosses (number of mutants observed/total number of offspring). Numbers did not differ significantly from expected Mendelian ratios (Chi-square test).
b Motility was assessed by response to head tap observed under a stereomicroscope. Representative mutants for each phenotype (excluding stumpy p37er and wdo) were filmed using high-speed video microscopy. identified in the Tü bingen screen , we cannot rule out that some of our mutants with motility defects may be alleles of previously identified motility mutants whose neuromuscular phenotype has not been assessed. Below, we describe how the mutants identified in this screen inform on the events that occur during normal neuromuscular synaptogenesis.
Initial synapse formation at the choice point is disrupted in mutant milhouse
In mlh mutant embryos, motor axon outgrowth to the choice point occurs as in normal siblings. Prepatterned AChR clusters in mlh mutants and normal siblings are similar in number and size (Figs. 4A, C, caudal-most segments, arrows) and are similarly dispersed in advance of the growing nerve front (Figs. 4A, C, rostral-most segments). However, the first neuromuscular synapses formed on the muscle pioneer fibers at the choice point are ca. 3-fold smaller than in normal siblings (Fig. 4E) and lack close apposition of presynaptic terminals with AChR clusters (Figs. 4B, D) . Similarly, as axons grow along the medial surface of the myotome, fewer neuromuscular synapses are formed compared to normal siblings. In mlh mutant embryos, a small decrease in the number of primary motor neurons expressing islet-1 and a decrease in the number and diameter of slow and fast muscle fibers were observed (Table 2) . Thus, while some aspects of the neuromuscular synaptic phenotype in mlh may be secondary to alterations in pre-or postsynaptic cells, the phenotype of mutant mlh suggests that dispersion of prepatterned AChR clusters is not dependent on the normal formation of the first large neuromuscular synapses on muscle pioneer fibers.
AChR cluster formation is disrupted in mutant bossu
As primary motor axons extend beyond the choice point in wild-type embryos at 25 hpf, AChRs form discrete clusters beneath outgrowing motor axons (Figs. 5A, B -BVV) . In bos mutants, motor axon outgrowth and the number and size of synaptic vesicle clusters are similar to those in normal siblings (Figs. 5C, D -DVV, F) . However, in bos mutants, postsynaptic AChR clusters are smaller than those in normal siblings, and these ''microclusters'' are only diffusely aligned with motor axons compared to the more All values are presented as mean T SEM (number of embryos examined). Asterisk indicates significant difference between mutants (m) and normal siblings (ns) (Student's t test, P < 0.05). nd = not determined. a Mean number of islet-1 positive cell bodies in the ventral spinal cord per hemisegment at 26 hpf. In wild type embryos, RoP and MiP, located in the ventral spinal cord at the rostral somite boundary, express islet-1 (Appel et al., 1995; Appel and Eisen, 1998; Lewis and Eisen, 2004) . Primary motor neuron number was counted in 6 -10 hemisegments per embryo. Because wdo mutants display no defects in primary motor neuron synaptogenesis, primary motor neuron number was not analyzed in this mutant.
b Mean number of islet-2 positive cell bodies in the ventral spinal cord per hemisegment at 24 hpf. In wild type embryos, CaP, located in ventral spinal cord at the center of the somite, expresses islet-2 (Appel and Eisen, 1998; Appel et al., 1995; Lewis and Eisen, 2004) . Occasionally, a transient primary motor neuron, VaP, also expresses islet-2 (data not shown). Primary motor neuron number was counted in 10 -20 hemisegments per embryo.
c Mean number of Zn5 positive cell bodies in the ventral spinal cord per hemisegment at 48 (sty, bos, sln, mlh, lyr) or 72 (wdo) hpf. Motor neuron number was counted from z-stacks of confocal images taken of two hemisegments centered at the caudal end of the yolk extension for each embryo. Since motor neurons in mlh mutant embryos do not stain with the Zn5 antibody at any stage, secondary motor neuron number was not assessed in this mutant.
d Mean percent of Zn5 positive cell bodies that are also TUNEL + in the ventral spinal cord per hemisegment. The number of embryos examined is the same as in the preceding column.
e Mean number of MF20 positive muscle fibers in the most lateral fast muscle fiber layer per hemisegment at 48 (sty, bos, sln, mlh, lyr) or 72 (wdo) hpf. Muscle fibers were counted in two ventral and two dorsal hemisegments per embryo.
f Mean number of neurons per hemisegment. When mutants and normal sibling were evaluated separately, data are presented separately for m and ns. In some cases, a mixed population of embryos (25% mutant, 75% normal) was examined; data are presented as the mean of the entire population. Number of motor neurons per hemisegment was distributed normally for all mixed populations (mean = median).
precise alignment of large receptor clusters in normal siblings (Fig. 5E) .
Although primary motor neuron and muscle fiber number are unaffected in bos mutants, a small but significant decrease in secondary motor neuron number was seen in bos mutant embryos (Table 2 ) at 48 hpf. Mapping using SSLPs placed the bos mutation on LG 20 (57 recombinants/884 meioses for SSLP marker z8976). Two previously identified zebrafish mutants with some phenotypic similarities to bos, parachute (pac) and shortfin In xav mutant embryos, motor axon branches are short and synapse formation within the myotome is decreased, although the distance that motor axons have grown out along the lateral myosepta is the same as in normal siblings (arrow). (C) In lyr, motor axon branching is slightly reduced, but synapses are greatly reduced along the myoseptal boundaries (arrows). (D) Measurement of the distance that motor axons have extended along the lateral myosepta. Asterisk indicates statistically significant difference between mutants and normal siblings (Student's t test, P < 0.05; n = 12 mutant myosepta, 9 wild-type myosepta examined for each mutant line). (E) Number of synaptic vesicle (SV2+) clusters and AChR clusters per 100 Am 2 of myotome. Asterisks indicate significant difference between mutants and normal siblings (Student's t test, P < 0.05; xav: n = 6 mutants, 4 normal siblings; lyr n = 9 mutants and 9 normal siblings examined).
(sof), map to LG 20. Testing for non-complementation with pac (0 mutant progeny in 5 crosses; n = 263 embryos examined) and sof (0 mutant progeny in 3 sof/sof Â bos/+ crosses; n = 280 progeny examined) demonstrates that the mutation in bos is not allelic with either of these genes.
Synapse formation on myotomal muscle fibers or along the myosepta is selectively disrupted in mutants xavier and buzz lightyear
In mutant xav, motor axon outgrowth and extension along the lateral myosepta are similar to that in normal siblings (Figs. 6A, B, arrows; D) . Motor axon branches, however, fail to extend from the medial nerve into lateral muscle fiber layers, resulting in a dramatic decrease in the number of intramuscular synapses (Fig. 6E) . While xav mutant embryos demonstrate a small reduction in the number of fast muscle fibers (Table 2) , motor axon branching and intramuscular synapse number remain dramatically reduced at later developmental stages in xav mutants (data not shown). The xav mutation maps to LG 14 (12 recombinants/168 meioses for SSLP marker z7108). No previously identified zebrafish mutants that have been mapped to LG 14 share the xav phenotype.
In mutant lyr, while motor axon branching and synaptogenesis within the myotome are reduced (Fig. 6E) , there is a dramatic reduction in motor axon extension and synaptogenesis along the myosepta (Figs. 6C, arrows; D) . At later stages, the number, size, and alignment of presynaptic vesicle clusters and postsynaptic AChR clusters appear largely normal in lyr mutant embryos (data not shown). The contrasting phenotypes observed in xav and lyr mutant embryos suggest that the cues modulating innervation of the myotendinous junctions and those modulating motor axon branch and synapse formation within the myotomal muscle itself are largely distinct.
Secondary motor axon outgrowth and synapse formation are disrupted in mutant where's waldo
In mutant wdo, overall primary motor axon outgrowth and branching are similar to that in normal siblings (Figs.  7A, B) . At 72 hpf, a small reduction in the number of neuromuscular synapses in the dorsal region of ca. 1/2 of myotome segments is observed (Fig. 7B, bracket) . In addition, at 72 hpf, a severe defect in secondary motor axon outgrowth is apparent (Fig. 7C) . In wdo normal siblings at 72 hpf, staining of the fasciculated segments of secondary motor axons with the antibody Zn5 (Fashena and Westerfield, 1999; Trevarrow et al., 1990) shows that secondary motor axons have grown out along the dorsal, ventral, and mediolateral pathways pioneered by primary motor neurons ( Fig. 7D ; d, v, and ml, respectively). In wdo mutant embryos, secondary motor axons in the dorsal nerve are absent in most myotomal segments (Figs. 7E, F arrows) ; in some segments, motor axons exit the spinal cord ectopically (Fig. 7F, arrows) , and secondary motor nerves often grow in aberrant directions. Because primary motor axon outgrowth appears unaffected in wdo, these phenotypes suggest that secondary motor axon outgrowth requires cues that are not necessary for the outgrowth of primary motor axons. The number and size of neuromuscular synapses on myotomal muscle fibers are increased in mutant slytherin
In srn mutant embryos, initial motor axon branching and neuromuscular synapse formation are increased at 48 hpf, the age at which this mutant was identified. However, the most striking phenotype is apparent by 120 hpf as motor axon branching and the number of presynaptic vesicle and AChR clusters larger than 20 Am 2 in area on myotomal muscle fibers are dramatically increased (Figs. 8C-DVV, E) compared to normal siblings (Figs. 8A-BVV, E) .
Interestingly, in srn mutant embryos, an increase in primary motor neuron number was detected by both islet-1 and islet-2 in situ hybridization (Table 2) . Two previously identified mutants, mind bomb (Bingham et al., 2003) and deadly seven (Gray et al., 2001) , show an increase in primary motor neuron number similar to that observed in srn mutant embryos. Testing for non-complementation with mib b904 (one cross, 0 mutant progeny/100 embryos examined) and des b420 (two crosses, 0 mutant progeny/90 embryos examined) demonstrates that the mutation in srn is not allelic with either of these genes. These observations suggest that srn is a novel mutant that increases primary motor neuron number and the number of neuromuscular synapses. These two phenotypes suggest a lack of competition among primary motor neurons for muscle fiber targets.
Dysregulation of neuromuscular synapse location, number, and size in mutant stumpy p37er
In sty p37er mutant embryos, motor axons reach but fail to extend beyond the choice point by 28 hpf. This axonal phenotype is similar to that reported for the mutant stumpy (sty; Beattie et al., 1999 Beattie et al., , 2000 , although the sty neuro- muscular synaptic phenotype has not been previously reported. Testing for non-complementation with sty showed that sty p37er represents a mutation in the sty locus (ca. 25% mutant progeny in two crosses; n = 79 embryos examined).
We report here that striking neuromuscular synaptic phenotypes are observed in sty p37er , particularly at 120 hpf and in adults. At 120 hpf, ca. 4-fold fewer neuromuscular synapses are located along myotomal muscle fibers in sty p37er mutants compared to normal siblings (Figs. 9A, C,  F) , and an increased number of synapses is present at the myosepta (Figs. 9A, C; B, D, arrows) . These supernumerary myoseptal synapses are similar in size and morphology to those present in normal siblings, but the number of synapses per micron of myosepta is increased (Fig. 9E) . Additionally, these myoseptal synapses cover a larger area of the myosepta and extend further medially into deep muscle fiber layers compared to normal siblings (Figs. 9B, D) . Together with the phenotypes observed in xav and lyr, these phenotypes in sty p37er suggest that the mechanisms mediating synaptogenesis at these two target locations are distinct.
Sty
p37er is the only neuromuscular mutant identified in this screen that is viable as an adult. Mutant adults have grossly normal motility and appear indistinguishable from wild-type fish. Whereas in wild-type adults, the size of presynaptic terminals and postsynaptic AChR clusters are closely matched (Fig. 2) , in sty p37er mutant adults, AChR cluster area is often increased and exceeds that of presynaptic terminals (Figs. 9G, H) . At some mutant synapses, the mismatch between pre-and postsynaptic specializations is extreme (Fig. 9I-IVV) . Thus, the neuromuscular synaptic defects seen in sty p37er mutant embryos persist in adult mutant fish.
Motility defects in mutant embryos
We assessed motor behavior in each mutant at 48 hpf by tapping embryos on the head with a fine probe and then recording the escape response with a high-speed video camera. At 48 hpf, wild-type embryos respond to head tap by performing a large C-bend and a smaller counter bend followed by alternating tail flips ( Fig. 10A ; Supplementary Data, Movie 1). This results in a rapid turn away from the stimulus followed by normal swimming. These motility behaviors are aberrant in mlh, bos, xav, lyr, and srn mutant embryos at 48 hpf and beyond.
In mlh mutant embryos at 48 hpf, mutant embryos often fail to move in response to touch, and the infrequent tail bends that do occur are slow and reduced in amplitude, and embryos become paralyzed by 60 hpf ( Fig. 10B ; Supplementary Data, Movie 2). In bos mutant embryos, head tap results in a normal C-bend, but this bend is followed by tail bends of abnormally low amplitude ( Fig.  10C ; Supplementary Data, Movie 3). In xav, while mutant embryos are initially normally motile, by 50 hpf, mutants appear to be paralyzed ( Fig. 10D ; Supplementary Data, Movie 4). In lyr mutant embryos at 48 hpf, no C-bend response is apparent in the escape response elicited by head or tail tap, and tail bends are greatly decreased in amplitude (Fig. 10E , arrows indicate tail bends; Supplementary Data, Movie 5). In srn mutant embryos, head tap results in a prolonged C-bend, multiple sustained muscular contractions, and larger amplitude tail bends ( Fig. 10F ; Supplementary Data, Movie 6).
Thus, in mlh, bos, xav, and lyr, motility is aberrant and reduced, consistent with the reduction in neuromuscular synaptogenesis observed in these mutants. In srn, mutant embryos are hyperexcitable, consistent with the increased neuromuscular synaptogenesis observed in this mutant. That one-third of the mutants described here, wdo and sty p37er , that exhibit neuromuscular defects do not demonstrate impaired motility suggests that some genes involved in neuromuscular synaptogenesis would be missed in screens based on motility alone.
Discussion
The results of the phenotypic characterization, mapping, and complementation testing reported here suggest that the mutants we characterize here either have not been previously characterized or reported in zebrafish and/or are distinct from those described in other organisms. To the best of our knowledge, this is the first genetic screen for synaptic phenotypes in vertebrates and the first in any organism to simultaneously assay both pre-and postsynaptic specializations. Many of the mutants have defects in pre-as well as postsynaptic specializations, although surprisingly these defects were not always well correlated. Some mutants with relatively subtle or no presynaptic defects exhibited striking and unexpected postsynaptic defects. For example, in bos, the presynaptic vesicle clusters are normal in number and size, but postsynaptic AChR clustering is impaired. In addition, our identification of a striking postsynaptic phenotype in the previously identified motor axon pathfinding mutant sty clearly demonstrates that axonal defects may be accompanied by unexpected defects in postsynaptic specializations. Characterization of the neuromuscular phenotypes in these mutants, summarized in Fig. 11 , has provided several new insights into the cellular events that underlie neuromuscular synaptogenesis during normal development.
Prepatterned and non-synaptic AChR clusters in wild-type and mutant embryos Previous studies in mice have shown that AChR clusters are prepatterned along the route of ingrowing motor axons (Morris et al., 1999; Feng et al., 2000; Lin et al., 2001; Yang et al., 2000 Yang et al., , 2001 . Genetic dissection of prepatterned AChR clusters has demonstrated that these clusters persist in mutant mice lacking agrin or muscle innervation by motor neurons but are absent in mice lacking MuSK, suggesting that clusters are formed via an agrin-independent, MuSK-dependent mechanism (Lin et al., 2001; Yang et al., 2001) . While detailed studies of the formation and fate of prepatterned AChR clusters have been hampered by technical limitations imposed by the study of mammalian embryos, the observations we report here in zebrafish myotomal muscle show that prepatterned AChR clusters are present throughout the myotome prior to motor axons exiting the spinal cord. The observation of prepatterned non-synaptic AChRs contrasts with previous work that suggested that AChR clustering required motor neurons and that non-synaptic AChRs are not seen in advance of zebrafish motor axon grow cones (Liu and Westerfield, 1992) . This may simply reflect the timing of the observations that were made because, as innervation of the choice point occurs, large prepatterned AChR clusters gradually disappear, well in advance of approaching motor axon growth cones. This suggests that any axon-dependent signal triggering the dispersal of prepatterned AChR clusters can act at a distance of at least several muscle fibers. Such a dispersal signal may be activity-dependent, a likely candidate being acetylcholine release from motor axon growth cones (Misgeld et al., 2002; Brandon et al., 2003) . Supporting this hypothesis, in zebrafish twister mutants, which exhibit prolonged AChR open time and excessive postsynaptic activity, there is a failure of synaptic AChR clusters to form during the initial stages of neuromuscular synaptogenesis . In mlh mutants (Fig. 11, top) , although initial synapse formation at the choice point is impaired, the prepattern disperses normally, suggesting that the dispersion of prepatterned AChR clusters is not dependent on the normal formation of these synapses. In vivo imaging suggests that prepatterned AChR clusters rapidly disperse and new clusters rapidly form beneath the tips of outgrowing axons over periods of several minutes (J. Panzer, Y. Song, S. Gibbs and R. Balice-Gordon, unpublished). We are currently studying the formation and fate of prepatterned AChR clusters using this and other approaches.
Neuromuscular synaptogenesis along myotomal muscle fibers and at the myosepta
In several of the mutants described here, including sty p37er , xav, and lyr, neuromuscular synaptogenesis along myotomal muscle fibers appears to be different than that at the myoseptal boundaries between segments (Fig. 11) . In sty p37er , motor axons fail to form synapses as they extend along the medial surface of the myotome but form an excessive number of synapses at the myosepta. In xav, mutant axons fail to extend branches and form significant numbers of synapses along muscle fibers within the myotome, but synapse formation at the myosepta appears normal. In contrast, in lyr, although motor axon branching and synaptogenesis within muscle fiber layers in unimpaired motor axons do not extend and form synapses along the Fig. 11 . Summary of neuromuscular synaptic phenotypes in mutant zebrafish. Shown is a cartoon summary of neuromuscular synaptogenesis in wild-type (wt) zebrafish at 16 -20, 20 -24, 24 -30, 48 , and 120 hpf. For each age, two views are shown: a side view of one myotomal segment (top) and a higher magnification view (box, bottom). In each panel, green structures represent motor neuron cell bodies and axons; red structures represent AChR clusters, and yellow represents overlap of pre-and postsynaptic structures and thus a synapse. At the appropriate age, the phenotype of a mutant is shown. Top: at 16 -20 hpf in wild-type zebrafish, when primary motor axons are exiting the spinal cord (green), elongated diffuse AChR clusters are present along medial muscle fibers, well in advance of outgrowing motor axons. The box below illustrates that large diffuse prepatterned clusters coalesce into smaller punctate as yet non-synaptic AChR clusters that are first apparent at this age. At 24 hpf in wild-type zebrafish, motor axons have extended into the myotome and, as shown in the box below, have formed large en passant synapses (yellow) at the choice point on the medial surface of the myotome. Presynaptic vesicle clusters and postsynaptic AChR clusters beyond the choice point are not yet precisely colocalized (note lack of yellow in higher magnification view). In mlh mutants at 24 hpf, AChR clusters on muscle pioneer fibers at the choice point are small, and these are not well colocalized with presynaptic vesicle clusters that are also reduced in size. At 24 -30 hpf in wild-type zebrafish, motor axons have reached the dorsal and ventral edges of the myotome, and AChRs are clustered beneath synaptic vesicle clusters but are less well aligned at newly formed synapses (box, bottom) compared to previously formed synapses (box, top). Non-synaptic AChRs are now present along the myosepta between adjacent myotomes (shown for simplicity only in the rostral myosepta). In bos mutants at 24 -30 hpf, numerous small microclusters of AChRs are present that are poorly aligned with presynaptic vesicle clusters along motor axons. Bottom: at 48 hpf in wild-type zebrafish, motor axons have turned and have grown along the rostral lateral myosepta, and axon branches are present in all muscle fiber layers. Synapses form along all axon branches, and synaptic vesicle clusters and AChR clusters are well colocalized (note yellow in higher magnification view). Between 48 -72 hpf in wild-type embryos, secondary motor axons (thin green axons) have grown out along the pathways pioneered by primary motor neurons (thick green axons). In xav mutant embryos at 48 hpf, motor axon branches are short and synapse number within the myotome is decreased, although the distance that motor axons have grown out along the rostral lateral myosepta is unaffected. In lyr mutant embryos at 48 hpf, AChR clusters and synapse number are reduced along the lateral myosepta. In wdo mutant embryos, secondary motor axons (small green cell bodies) exit at ectopic locations from the ventral spinal cord, and the dorsal secondary motor nerve fails to grow out in most segments. By 120 hpf in wild-type zebrafish, motor axon branching and synapse formation has increased, and the entire length of the rostral lateral myosepta is innervated. In sty p37er mutant embryos at 120 hpf, synapse number is reduced in the myotome but is increased along the myosepta. In srn mutant embryos at 120 hpf, the number and size of neuromuscular synapses are increased, and bundles of motor axon branches are increased in diameter. myosepta. That these two processes are differentially affected in these three mutants suggests that muscle fibers in the myotome and the myosepta itself have different cues for synaptogenesis or synaptic maintenance.
Secondary motor neuron pathfinding and synaptogenesis
In addition to the insights into neuromuscular synaptogenesis obtained from analysis of mutants as described above, one of these mutants has also provided new insights into the mechanisms underlying secondary motor axon outgrowth. Previous work has shown that the overall ability of secondary motor axons to extend into the myotome is not dependent upon primary motor axons (Pike et al., 1992) . In wdo, primary motor axon outgrowth is unaffected, but secondary motor axon outgrowth is strongly impaired (Fig.  11, bottom) . Thus, wdo appears to be the first zebrafish mutant identified in which secondary motor axon outgrowth and pathfinding are selectively impaired. The wdo phenotype suggests that, while primary and secondary motor axon outgrowth may depend on many of the same cues, there are additional cues that appear to only be required for secondary motor axon outgrowth. Further phenotypic characterization, analyses of the projection patterns of primary and secondary motor neurons, and identification of the gene mutated in wdo will allow these possibilities to be addressed.
Relationship between motor neuron number and synaptogenesis
Analyses of primary and secondary motor neuron number and cell death, and of muscle fibers, suggest that the synaptic phenotypes observed in most of the mutants described here are not the result of general defects in the development of pre-or postsynaptic cells. However, in one mutant, srn, primary motor neuron number was increased. In addition, srn mutants exhibit an increase in the size of neuromuscular synapses during early stages of development and an increase in the number of synapses by 120 hpf (Fig.  11, bottom) . These phenotypes raise several questions about the relationship between motor neuron number, synapse size and number, and how competition shapes the synaptic territories captured by each neuron. In deadly seven mutants, Liu et al. (2003) observed that the increased number of Mauthner cells observed in these mutants does not result in a corresponding increase in the innervation of spinal neuron targets. These observations suggest that competition between Mauthner neurons results in the capture of a smaller number of synaptic targets. In myotomal muscles in wild-type embryos, primary motor axons innervate distinct largely non-overlapping sets of muscle fibers, and previous work has suggested that this pattern of innervation is the result of stereotyped pathfinding by primary motor axons rather than competition for the same territory (Pike and Eisen, 1990) . Consistent with this, the increased number of neuromuscular synapses in srn mutants suggests that primary motor neurons do not compete. However, this explanation does not address a second aspect of the srn phenotype, that neuromuscular synapse size is increased. Srn mutants may be a good model in which to study how motor unit and synaptic size are regulated. Indeed, identification of the underlying genetic defects in each of the mutants described here will extend our understanding of the molecular mechanisms that mediate the formation and function of neuromuscular and perhaps other synapses.
